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Abstract

The ability to readily elicit broadly neutralizing antibodies to HIV-1 remains elusive. We and others have hypothesized that interaction
of the viral envelope glycoprotein (Env, gp120-gp41) with its receptor molecules could enhance the exposure of conserved epitopes that
may facilitate the elicitation of broadly neutralizing antibodies. The Env-CD4-coreceptor complexes mediate HIV-1 entry into cells and
serve as a major target for inhibitors of this process. To begin to evaluate their potential also as vaccine immunogens we produced relatively
large amounts of complexes of purified recombinant soluble truncated Env, gpldi0gp12@9s, with CD4 and CCR5 or CXCRA4.

We found that gp140(gp120)-CD4-CCR5 complexes are stable and immunogenic in mice transgenic for human CD4 and CCR5. They
elicited anti-gp120 and anti-gp140 antibodies that inhibited an heterologous primary HIV-1 isolate (JR-FL) with two- to threefold higher
neutralizing activity than those elicited by gp120 and gp140. The antibodies elicited by the complexes competed better with the antibodies
X5 and CG10 but not with b12 for binding to gp120 and gp120-CD4 complexes compared to those elicited with gp140(120) alone. These
findings suggest that stable purified Env-CD4-CCR5(CXCR4) complexes can be produced in relatively large amount sufficient for their
further characterization that may help in the development of novel vaccines candidates.

Published by Elsevier Ltd.
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1. Introduction conserved epitopes and may have potential for development
of vaccineq10]. Experimental evidence appears to support
Binding of the human immunodeficiency virus type-1 the notion for Env conformational changes induced by core-
(HIV-1) envelope glycoprotein (Env, gp120-gp41) to recep- ceptorg2,11]although the epitopes induced by coreceptors
tor molecules (CD4 and coreceptors) initiates a series of have not been characterized. Given the role of the interac-
conformational changes that are at the heart of the fusiontions of the Env with receptor molecules for the mechanisms
machinery driving viral entnf1-3]. It has been proposed of HIV-1 entry into cells and the potential for development of
that CD4 interaction with gp120 may enhance exposure of vaccines, based on conserved fusion intermediate structures,
structures conserved among various HIV-1 isolates and sta-it is of paramount importance to produce relatively large
bilize them; thus complexes of gp120 with recombinant sol- amounts of purified Env-CD4-coreceptor complexes, and
uble CD4 (sCD4) have been tested as immunogens in micecharacterize their properties for use as a virus entry model
[4-7] and in goatg8]. Recently, immunization of monkeys system and immunogens. Recently, gp120-CD4-CCRS5 com-
with gp120(gp140)-sCD4 complexes suggested the possi-plexes have been used as an antigen for selection of a po-
bility that such complexes can elicit broadly HIV-1 neu- tent broadly HIV neutralizing human monoclonal antibody
tralizing antibodies in non-human primatgd. After the Fab, X5[12]. The selection of a broadly neutralizing anti-
discovery of the HIV-1 coreceptors it was hypothesized that body by Env-CD4-coreceptor complexes suggested the pos-
complexes of Env with CD4 and coreceptors could exhibit Sibility that these complexes may have the potential to elicit
broadly neutralizing antibodies in vivo. Such possibility is
" Corresponding author. Tel:1-301-846-1352; faxs1-301-846-6189.  further supported by the experimental demonstration of con-
E-mail addressdimitrov@ncifcrf.gov (D.S. Dimitrov). formational changes induced by coreceptf@ks A major
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obstacle for testing this hypothesis has been the generatiorgifts from L. Wu (Millenium Pharmaceuticals, Cambridge,
of sufficient amounts of stable Env-CD4-CCR5 complexes MA) and bl12 from D. Burton. The 1D4 MAb against
in conformation close to the native one. the bovine rhodopsin C9 peptide (TETSQVAPA) tag was
Unlike purified complexes between Env and CD4, which purchased from Biovest International Inc./National Cell
have been extensively characterized, purified complexes ofCulture Center (Minneapolis, MN). The goat polyclonal
Env and CD4 with the major HIV-1 coreceptors, CCR5 and anti-CCR5 antibody CKR5(C20) was purchased from Santa
CXCR4, have not been well characterized primarily because Cruz Biothechnology Inc. (Santa Cruz, CA). Recombinant
of difficulties in their production, isolation and purification. gpl2Qr-r. Was provided by A. Schultz and N. Miller
This is due to the extremely hydrophobic nature of the (NIAID).
coreceptors and the sensitivity of their three-dimensional
structure to perturbations by detergents used for their sol-2.2. Production, purification and quantification of
ubilization [13,14] Immunopurified complexes between gpl120-CD4-CCR5 complexes
gpl120, CD4 and CXCR{L2,15-17]or CCR5[12,17]have
been previously produced in small quantities and partially ~NIH 3T3 transfectants (£0in 100 ml) expressing high
characterized. Here we describe the production of relatively levels of CD4 and CCR5 were washed twice with cold
large amounts of purified complexes of gp120 or gpl40 (4°C) phosphate-buffered saline (PBS) then pelleted by
(gp120-truncated gp41) with CD4 and CCR5 or CXCR4. centrifugation and resuspended in 100 ml lysis buffer (1%
These complexes were stable, showed conformational in-Brij97, 5 mM iodoacetamide, added immediately before use,
tegrity, and elicited HIV-1 neutralizing antibodies. 150 mM NacCl, 20mM Tris (pH 8.2), 20mM EDTA, and
protease inhibitors) at 4C for 40 min with gentle mixing.
The nuclei were pelleted by centrifugation at 14,000 rpm
2. Materials and methods for 25 min in a refrigerated centrifuge. Anti-CCR5 antibody
5C7 at 2ug/ml and protein G-Sepharose beads (Sigma,
2.1. Cells, viruses, plasmids, recombinant proteins and St. Louis, MO) (1 ml) prewashed with PBS were added to
mAbs the cell lysate and incubated af@ for 14 h. The beads
were then washed five times with 100 ml of ice-cold ly-
3T3 cells expressing CD4 and CCR5 were gift from sis buffer and incubated with gp120 ap.§/ml in 20 ml
D. Littman (New York University, New York, NY). lysis buffer for 1 h at 4C. They were again washed five
Cf2ThCCRS5 cells expressing high amounts of CCR5 were times with 100 ml of cold lysis buffer, once with cold PBS,
gift from J. Sodroski (Dana Farber Institute, Boston, MA); and incubated with 1% formaldehyde overnight, followed
the parental Cf2Th cells were purchased from ATCC and by washing twice with cold lysis buffer and used. They
used as negative control. The stable cell line TF228 ex- contained approximately 0.01 mg CD4 and 0.02 mg gp120
pressing LAl Env was a gift from Z. Jonak (SmithKline as quantified by calibrating amounts of soluble CD4 and
Beechman Pharmaceuticals, Philadelphia, PA) through R.gp120. For quantification of CD4 and gp120 two dupli-
Blumenthal (NCI-Frederick, Frederick, MD). HelLa cell cated samples each containing 0.1% of the total amount of
lines stably transfected with CD4 and/or CCR5 were gift bead-associated gp120-CD4-CCR5 complexes were used.
from David Kabat (Oregon Health and Science University, They were eluted by adding sample buffer for SDS-PAGE
OR). Recombinant vaccinia viruses, vCB21R and vTF7.3 gel and kept overnight at 3T. They were run on a 10%
were used for the reporter gene fusion agda3/19] Plas- SDS-PAGE gel simultaneously with calibrating amounts
mids expressing various Envs were obtained through the (1, 3, 10, 30, 100 ng) of soluble four-domain CD4 (sCD4)
NIH AIDS Research and Reference Reagent Program oror gpl20 and were electrophoretically transferred to ni-
were gift from M.A. Martin (NIAID, Bethesda, MD). Plas-  trocellulose membranes. The membranes were blocked
mid S-tag CXCR4 was obtained from J. Nunberg (Univer- with TBST buffer containing 20mM Tris—HCI (pH 7.6)
sity of Montana, Missoula, MT). The anti-CD4 polyclonal 140 mM NaCl, 0.1% Tween-20 and 5% nonfat powdered
antibody T4-4 was obtained through the AIDS Research milk. For Western blotting these membranes were incubated
and Reference Reagent Program from R. Sweet (SmithK-with anti-CD4 or anti-gp120 antibodies, then washed and
line Beechman Pharmaceuticals). Two-domain soluble CD4 incubated with horseradish peroxidase (HRP)-conjugated
(2DsCD4) was a gift from E. Berger (NIAID, Bethesda, secondary antibodies. The blots were developed by using
MD); four-domain soluble CD4 (sCD4) was obtained the supersignal chemiluminescent substrate from Pierce
through the NIH AIDS Research and Reference Reagent(Rockford, IL). The images were acquired using a Bio-
Program from N. Schuelke. Recombinant gpdoz0and Rad phosphoimager (BioRad, Hercules, CA). The signal
gpl4Qge were produced by vaccinia virus (gift of R. Doms from the calibrating molecules was integrated for each
(University of Pennsylvania, Philadelphia, PA)) and purified band and plotted in a calibration curve for the signal ver-
with a combination of lentil lectin affinity chromatogra- sus amount dependence. The amounts of CD4 and gp120
phy and size exclusion chromatography, as previously de-were then calculated by interpolation using the calibration
scribed[20,21] The anti-CCR5 mAbs 5C7 and 2D7 were curve.
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To test the association between Env gp120 and gpl402.5. Inhibition of virus infection by mouse sera
with CXCR4, we expressed CXCR4 by transfecting
HEK293T cells with pCXCR4-Spep followed by infec- Evaluation of HIV-1 neutralization by mouse sera was
tion with vaccinia virus encoding T7 RNA polymerase performed using infection with a luciferase reporter HIV-1
(VTF7.3). Cells were then lysed using 1% cymal-5 lysis Env-pseudotyped system. Viral stocks were prepared by
buffer, and then 2ug of gp140 and 1Ql of S-protein beads  transfecting 293T cells with plasmids encoding the lu-
(Novagen, Madison, WI) were added and incubated°& 4  ciferase virus backbone (pNL-Luc-ER)3] and full-length
for overnight. To test the association between gp140 andgp160 encoding expression plasmids from several HIV-1
CXCR4 in the presence of sCD4u® of sCD4 and 29 isolates obtained from the NIH AIDS Research and Reagent
of gp140 was pre-incubated in 0 of PBS at room tem-  Program (Rockville, MD): 89.424], JR-FL [25], NL4-3
perature for 1 h before incubation with the cell lysate and [26]. The resulting supernatant was clarified by centrifuga-
S-protein beads. The samples were analyzed as describedon for 10 min at 2000 rpm in a Sorvall RT-7 centrifuge
above. (RTH-750 rotor) and stored at°€. The virus was mixed
with various concentrations of diluted mice sera for 30 min
at room temperature. Cells were then infected with (LDO
of virus preparation containing DEAE-dextran (8/ml)
for 4h at 37C. After five washes with PBS fresh medium
(0.2ml) was added to each well in a 96-well plate. Cells
were lysed 44 h later in 100 of cell lysis buffer (Promega,
Madison, WI), and 5@l of the lysate was assayed for
luciferase activity, using an equal volume of luciferase
substrate (Promega).

2.3. Mice immunizations

Balb/c mice, transgenic for human CD4 and CCR5 (Ick-
hu-CD4/CCR5]22], were immunized four times in 1-month
interval by gp12@gs-CD4-CCR5 or gpl4g)s-CD4-CCR5
beads mixed with 2.g QS-21 as adjuvant. Blood was col-
lected 7-10 days after each immunization. The antibody re-
sponse was evaluated by gp120 or gp140 captured ELISA
assay. For this assay 96 well plates were coated with puri-
fied gpl2@gs and gpl4@es protein at 100 ng per well con- 3. Results
centration in bicarbonate buffer for 4 h at room temperature.
Then they were blocked by PBS with 0.05% Tween-20 and
10% FBS. Sera was added and incubated°&@ dvernight.

The plates were washed with wash buffer (PBS with 0.05%
Tween-20) five times. One hundred microliters of appropri-
ate secondary antibody (Qug)/ml) was added and incubated
for 1 h at room temperature. Plates were washed five times
with washing buffer, ABTS substrate solution (Boehringer
Mannheim) was added and optical density (OD) at 405 nm
was measured.

3.1. Production of purified
gp12Q96(gpl4Gg6)-CD4-CCR5(CXCR4) complexes

For production of purified Env-CD4-CCR5 complexes,
CCR5 was coimmunoprecipitated with cellular CD4 by an
anti-N-terminus antibody, 5C7, selected for its immuno-
precipitating efficiency from a battery of several other
anti-CCR5 antibodiefl 7] followed by incubation with pro-
tein G-Sepharose beads, washing and subsequent incubation
with purified gp120 $ection 3. The major advantage of
2.4. ELISA determination of the anti-gp120/gp140 this approach is the ability to study native CCR5 expressed
antibody titer of mouse sera in any cell of choice. In addition, the use of anti-CCR5 anti-

body guarantees that only those CD4 molecules associated

Microtiter plates were coated with purified gpt3@ or with CCR5 will be coimmunoprecipitated. Cells with CD4
gpl4Qge at 100 ng per well in bicarbonate buffer for 4h concentrations significantly higher than the CCR5 concen-
at room temperature. The plates were washed twice with trations were used so the vast majority of CCR5 molecules
PBS/Tween-20 0.05% (v/v) and blocked with 10% bovine are associated with CD4. As a result most of the immuno-
calf serum (PBS with 0.05% Tween-20 and 10% FBS) for precipitated CCR5 molecules are complexed with CD4. In
2 h at room temperature. Following blocking, the plates were addition, because gp120 binds with high affinity only to
washed twice and serially diluted serum samples and stan-CCR5 complexed with CD4 this procedure also ensures
dards, in duplicate, where added and incubate overnight atthat most of the gp120 molecules will be in the trimolec-
4°C. One hundred microliters of secondary goat anti-mouse ular complex. A disadvantage of this approach is that the
antibody conjugate with HRP (Oi@/ml) was added to  immunoprecipitating mAb may interfere although weakly
each well and incubated 1h at room temperature. Follow- with binding to portions of the CCR5 N-terminus. This pos-
ing three washings, ABTS substrate was added (Boehringersible problem, however, can be solved by using antibodies
Mannheim) and absorbance at 405 nm was measured usinggainst the C-terminus although the efficiency of immuno-
an ELISA plate reader. For competition ELISA, biotinylated precipitation was lower for the antibody (CKR5(C20))
X5, CG10 and b12 antibodies were used along with the serawe tested.Fig. 1 shows gp120 and CD4 coimmunopre-
at different dilutions. The amount of bound antibody was cipitated with CCR5 by the anti-CCR5 mAb 5C7 from
detected using Streptavidin-HRP. two different cell lines expressing CD4 and CCR5 (3T3
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Fig. 1. Formation of purified complexes between gp120(140), CD4 and CCR5(CXCR4) demonstrated by Western blotting. (A) Complexes obtained from
NIH 3T3 CD4.CCRS cells, these cells expressing high levels of CD4 and CCR5 were lysed using 1% Brij97 lysis bufferfat 40 min with gentle

mixing. Cell lysate was incubated af@ for 14 h after addition of anti-CCR5 antibody 5C7 gi@ml and protein G-Sepharose beads. The beads were

then washed five times and incubated with gp120 ag/nl in lysis buffer for 1h at 4C. (B) Complexes obtained from a Hela transfectant, JC.53
following the same procedure as described above. Lack of complexes for control cells (HI-JC), which do not express CCR5 but do express CD4 at the
same levels as JC.53. For both (A) and (B), CD4 and CCR5 were membrane associated. (C) Purified complexes between gp140, sCD4 and s-peptic
tagged CXCR4. CXCR4 was immobilized on S-protein beads first. SCD4 and gp120(140) pre-incubated in PBS was then added to CXCR4 on beads an
further incubated in Brij97 buffer for 1 h at°€ followed by washing with the same buffer three times. The beads were then analyzed for the presence

of both CXCR4 and CD4. Lanes 1 and 2 represent beads incubated with cell lysates from cells transfected with pCDNAS3 control plasmid plus sCD4 and
Envs, respectively. Lanes 3-6 represent beads incubated with cell lysate from cells transfected with S-tag CXCR4, and sCD4, IIIB gp320BsCD4
gp120, or sCD4+ 11IB gp140 added, respectively.

CD4.CCR5 and a Hela transfectant, JC.53). There wasitated with CXCR4 tagged with s-peptide. These results
no gpl20-CD4-CCR5 coimmunoprecipitation for a control suggest that purified Env-CD4-coreceptor complexes can
Hela transfectant (HI-J) that expresses CD4 at about thebe produced by different approaches appropriate for solving
same levels as JC.53 but not CCRS5. Silver staining of the a variety of research problems.

gels revealed no other major bands but only two minor

bands (data not shown) suggesting relatively high purity 3.2. Quantification of gp120-CD4-CCR5 complexes

of the complexes. Similar results were obtained by using

another approach to produce gpl120-CD4-CCR5 complexes The quantities of gp120 and CD4 in purified gp120-CD4-
based on the use of streptavidin bead-associated CCRSCCR5 complexes were measured by using calibrating
through biotinylated anti-CCR5 antibodies (section 2 amounts of soluble molecules of known concentrations and
data not shown). The major advantage of this approachWestern blotting quantified by a phosphorimadég( 2A).
compared to the use of protein G beads is the ability to Ten micrograms complexed gp120 was obtained from this
test complexes by antibodies, which would bind to protein procedure starting with & 10 3T3 CD4.CCRS5 cells. The

G. In yet another approach coreceptors tagged by a bovinemolar ratio of the two molecules in the gp120-CD4-CCR5
rhodopsin C9 peptide as previously descrijéd,14] or complexes was about 1:1 as expected. Experiments are in
s-peptide were used. A major advantage of this approachprogress to determine the molecular weight of the com-
is the easier release of soluble complexes by elution with plexes and the CCR5 stochiometry.

the tags. In addition, the C9 tagged coreceptor genes were

codon optimized resulting in significantly higher levels of 3.3. Conformation of CCR5 and its interaction with
expression than in available cell lin¢$3] which allows gpl120 in purified gp120-CD4-CCR5 complexes

easier up-scaling of the complex productiig. 1Cshows

gpl140 (containing gp120 and gp41 without transmembrane To test the conformation of bead-associated dsCCRS5, in
domain and cytoplasmic tail) and CD4 coimmunoprecip- particular, its binding to gp120-sCD4 complexes, we used

sCD4 gp120
S NC PC S NC PC 10 20 30 s NC PC 10 30 60
-»> cDy =
CCRS5 ”* o o> - emaw e B <gpi20

Fig. 2. Quantification of gp120, CD4 and CCRS5 in purified gp120-CD4-CCR5 complexes by Western blotting. Quantification of gp120 and CD4 in
complex was done using purified JR-FL gp120 and sCD4 as standard as desci@zdiam 2 PC and NC represents the products from the purification
procedure using 3T3-CD4-CCRS5 cells and 3T3-CD4 cells respectively in a small scale and serve as positive and negative controls. S represents 0.1% «
the total products from one large preparation.
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Fig. 3. Native conformation of dsCCR5. (A) sCD4-gp3R@. but not sCD4-gpl12@s complex binds dsCCR5, as indicated by the binding of sCDA4.

This experiment was performed in similar fashion a$ig. 1C Protein G beads were incubated with the anti-CCR5 mAb 5C7, lysates from CCRS5 cells

or control cell lysate without CCR5 (second lane from left), and sCD4 complexed with JR-FL or IlIB gp120 as indicated. HMW CCR5 denotes higher
molecular weight species, e.g. dimers of CCR5. (B) Direct interaction of gp120 with CCR5 demonstrated by displacement of RANTES bound to CCR5
by gp120. RANTES (.g/ml) was added to CCR5 immobilized on beads in the presenceaugfmil of BSA and with or without fug/ml of gp120 in

Brij97 buffer, and incubated at°€ for 1 h, washed three times with the Brij97 buffer and analyzed by Western blotting. (C) Testing of the CCR5 native
conformation in two different detergents, Cymal-5 and Brij97, by immunoprecipitation with three different anti-CCR5 monoclonal antibodi8&%5C7,

and 2D7) from NIH3T3-CD4-CCRS5 cells.

mixtures of sCD4 and gpl20 from two different HIV-1 affinities of CD4-CCR5 versus (gpl120-CD4)-CCR5 is cur-
Envs—JR-FL and IlIB. Binding of sCD4-gpl2Rr_. but rently under investigation but they are likely to be compara-
not of sCD4-gp12@g complex to dsCCR5 was detectable ble. We also tested the effect of the detergent we routinely
suggesting stronger binding of the R5 Env-sCD4 complex to employ, Brij97, on CCR5 epitopes in comparison with an-
CCRS5 than the X4 Env-sCD4 compleiig. 3A). To further other detergent, Cymal-5, which was found to preserve best
test the ability of CD4-associated CCR5 to bind gp120 in the the 2D7 epitope on CCR5 among various other detergents
gpl20-CD4-CCR5 complexes we designed an experiment[14]. As shown inFig. 3Cimmunoprecipitation by 2D7 is
where gp120 mediated displacement of RANTES bound to better in Cymal-5 solutions than in Brij97, but the immuno-
CCRS5 was testedrig. 3B shows displacement of RANTES  precipitation by 5C7 is worse and by 3A9 is not detectable.
by gp120 demonstrating direct interaction of gp120 with Thus, it appears that overall Cymal-5 and Brij97 are compa-
CCR5. It was previously shown that cell surface-associated rable in preserving some epitopes on CCRS5. The binding of
CD4 binds to CCR5 even in the absence of gp120. ThereforeRANTES to CCR5 and the association between CCR5 with
these results suggest that in the gp120-CD4-CCR5 complexCD4 and gp120 suggest that the molecules in the complex
all three molecules interact with each other. The relative maintained their function and native conformation.

(A) (B)
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gp120 gp120 no fixation with fixation

Time of
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Fig. 4. Stability of gp120-CD4-CCR5 complexes with and without formaldehyde fixation. (A) The stability of CD4-CCR5 and CD4-CCR5-gp120 was
tested using bead-bound molecules as indicators. CD4-CCR5 or gp120-CD4-CCR5 complexes on beads were prepared as 8estiobezhimd kept

at 4°C for indicated period of time and then washed once with brij97 buffer and analyzed by Western blotting. (B) The effect of fixation on complex
stability was tested using bead-bound molecules as indicators. Gp120-CD4-CCR5 complexes were prepared and fixed as desctitbe@amd kept

at 4°C for different length of time, and washed once with Brij97 buffer and analyzed by Western blotting.
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3.4. Stability of the gp120-CD4-CCR5 complexes time period we testedH{g. 4A and B respectively). Note
that in the absence of gp120 the amount of the high molec-
We next tested the stability of the gp120 and CD4 in- ular weight form of CCRS left on the beads increases prob-
teractions with CCR5 by measuring the amounts of bound ably due to aggregation. In the presence of gp120 such high
molecules as function of time. To distinguish between the molecular weight CCRS forms (aggregates) were absent. In
amounts of bound versus dissociated gp120 and CD4 weanother experiment we tested the effect of formaldehyde,
measured by Western blotting the amount left on the beads.which is routinely used to preserve conformations and in
CD4 and gp120 amounts did not decrease markedly for theimmunization experiments. Fixation with formaldehyde

B CD4-CCRS5 beads
£ [M89.6 gp120
lg 89.6 gp120
g O CD4-CCRS beads
o) [ CD4-CCRS5 beads
o B gp120-CD4-CCRS beads
Elgp120-CD4-CCRS beads
X X X X X X X X X %X X
S 8 © © °© 8 © °© °© ° °
o o o o o (=] o o o o o
[aV) < [ee] O Al < [oe] © [aV] < o]
- @ (o] N [Te] — [aV] <
~— [aY] w0 o o
- «
(A) Serial Dilution Fold
2
1.8
1.6 1
[ gp140-CD4-CCRS beads
£ B gp140-CD4-CCRS beads
c 089.6 gpl140
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o £189.6 gp140
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Fig. 5. Antibody titer in the sera determined by ELISA. (A) sera from gp120 and gp120 complexes and (B) sera from gp140 and gp140 complexes.
Micro titer plates were coated with purified gp%t3@ or gpl4@ge at 100 ng per well. The plates were washed and blocked with 10% bovine calf serum
(PBS with 0.05% Tween-20 and 10% FBS). Following blocking, the plates were washed and serially diluted serum samples and standards, in duplicate
where added and incubated. The amount of bound antibody is detected using secondary goat anti-mouse antibody conjugate with HRP.
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maintained the stability reasonably welFig. 4B). Im-
portantly, decreasing concentrations of detergent and its

NL4-3

complete removal and substitution of the lysis buffer with 50 —
. . o 45 - .
PBS, a step necessary for fixation, did not significantly re- ;| —
duce the antibody binding to the complexes. These results _ 35 - -] .
demonstrate that formaldehyde-fixed gp120-CD4-CCR5 £ 30 -
complexes are sufficiently stable to be used as model sys-2 25 -
tems and for immunization. < 201
S 15
3.5. Immunogenic activity of purified 12:
gp120(gp140)-CD4-CCR5 complexes 0 , 1 L '
(A) Control  normal  gp120 gp140  gp120- gp140-
To examine the ability of Env-CD4-coreceptor complexes sera CD4-  CD4-
to induce an immune response we used mice transgenic CCR5  CCRS
for human CD4 and CCRS5 (Ick-hu-CD4/CCR5). Sera from 89.6
different mice in the same treatment group were pooled 60 -
before all subsequent analysis was performed. The titer 50 | -]
of anti-gp120 antibodies induced by the complexes was _ -
very high and similar to the titer induced by uncomplexed § ' :
gp120 or gp140 suggesting that bead-associated complexedg
gp120(gp140) is as good immunogen as free gp120(gp140) £
(Fig. 5. There were no anti-gp120 antibodies induced by =
bead-associated CCR5-CD4 complexes. These results sug-
gest that purified Env-CD4-CCR5 complexes can be pro-
duced in sufficient amounts and are in appropriate conforma- . — -
tion to induce immune responses. Neutralizing activities of (B) Control - normal ~ gp120  gp140  gp120-  gp140-
the induced antibodies by gp120(gp140)-CD4-CCR5 com- sera gg;:,) ch;:a
plexes were compared to thatinduced by pure gp120(gp140).
Infection of CEM-R5 cells by pseudo-viruses carrying JR-FL

NL4-3, 89.6, and JR-FL Env was inhibited to a greater
extent by sera generated against gp120(gp140)CD4-CCR5 —
complexes compared to sera generated by gpl120(gp140) :
alone Fig. 6). The sera was not cytotoxic as observed by
trypan blue exclusion and did not affect cell growth during
the duration of the experiment. A novel Fab (X5) selected
from a phage display library against an immobilized form
of the gpl20-CD4-CCR5 complex that exhibited broad
neutralizing ability against infection by various HIV-1 5
primary isolates was used in gp120 binding competition
assay. Sera generated against complexed gp120(gp1402C)

% Inhibition
N
o

e . . . Control normal gp120  gp140 gp120- gp140-
competed efficiently with X5, while sera against uncom- sera CD4- CD4-
plexed gp120(gp140) showed reduced competitiig. (7). CCR5  CCR5

Similar pattern was observed with the gp120-CD4 complex Fio. 6. Evaluation of HIV-1 lization b _

specific antibody CG10 but not for b12 that binds to an H'f\’/' 1'Eva uation of HIV-1 neutralization by mouse sera using a reporter
. . . - . -1 Env-pseudotyped system with a NL4-3 backbone where the env

epitope overlapping with the CD4 blhdlng site. These data is replaced by a luciferase gene. Inhibition of pseduotyped: (A) NL4-3

suggested that sera generated against the Env-CD4-CCREnv; (B) 89.6 Env and (C) JR-FL Env was performed using sera from

complexes recognizes epitope(s) that were not availableall samples at 1:20 (dotted), 1:100 (lined) and 1:500 (filled) dilutions.

on free gp120(gp140) and that their exposure is Iiker Viral stocks were prepared by transfecting 293T cells with plasmids

enhanced by the Env interaction with receptor molecules. ncoding the luciferase virus backbone (pNL-Luc-ERj] and full-length
gp160 encoding expression plasmids from several HIV-1 isolates obtained

from the NIH AIDS Research and Reagent Program (Rockville, MD):
89.6 [24], JR-FL [25], NL4-3 [26]. The virus was mixed with various
concentrations of diluted mouse sera for 30min at room temperature.
Cells were then infected with 1Q0 of virus preparation containing

g ; L P : ; DEAE-dextran (g.g/ml) for 4h at 37C. After five washes with PBS,
The ablllty to readlly elicit broadly neutrallzmg antibodies fresh medium (0.2 ml) was added to each well in a 96-well plate. Cells

to HIY']' re_malns an elusive taskin SP'te of Slgn_lflcant eﬁ(?rts were lysed and analyzed 44 h later for luciferase activity. All experiments
and ingenious approaches employing a myriad of antigen were performed in duplicates using pooled sera from each treatment group.

4, Discussion
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Fig. 7. Sera competition with: (A) FabX5; (B) IgG CG10 and (C) IgG1 b12 measured by ELISA The left panel shows binding of the respective mAb
to gp120 in absence or presence of sera from different groups of mice including serum obtained before immunization (indicated as normal (preimmune
serum)); the right panel shows the results for binding to gp120-sCD4 complexes. The micro titer plate was coated with either Env gp120 or Env
gp120-CD4 complex at 100 ng per well. The plates were washed and blocked with 10% bovine calf serum (PBS with 0.05% Tween-20 and 10% FBS).
Following blocking, the plates were washed, and diluted serum samples mixed with biotinylated X5, CG10 or b12 and standards, in duplicate, where
added and incubated. The bound antibody was detected using Streptavidin-HRP. The experiments were performed three times.
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preparation$27]. Others and we have hypothesized thatin-  Recently, we identified and characterized a broadly
teraction of Env with receptor molecules could enhance the cross reactive HIV-1 neutralizing human monoclonal anti-
exposure of conserved epitopes that may elicit broadly neu-body Fab X5, selected from a phage display library using
tralizing antibodies. Although such epitopes could be only gpl12Qr-r . -CD4-CCR5 complexe$l6]. The exposure of
transiently exposed and difficult to access by antibodies, the X5 epitope was enhanced by the interaction of CD4
some of the receptor-induced epitopes may be highly con-with the Env and not affected by CCR5. We hypothesized
served due to the conserved nature of the virus entry mech-that the role of the coreceptor in this case was to mask
anism, and elicitation of high affinity antibodies to those those CD4-induced (CD4i) epitopes that overlap the CCR5
structures could allow efficient neutralization of HIV-1 iso- binding site rather than induce new epitopes. The find-
lates in a broad fashion. In addition, recent work by Kwong ing that sera from mice immunized with Env-CD4-CCR5
et al.[28] suggested that the use of gp120-CD4 complexes ascomplexes elicited antibodies that competed with X5 better
immunogens may avoid the conformational masking mech- than sera raised against Env alone suggest that this sera
anism of evasion of humoral immune responses that is oper-may contain X5-like antibodies which may contribute to
ating for gp120. Because of the complex nature of the entry the neutralizing activity. It would be interesting to find out
process, and its neutralization, only experimentation can whether such antibodies could also be elicited by Env-CD4
answer the question about the potential of receptor-inducedcomplexes in these mice and whether they would have neu-
epitopes for vaccine development. Recent experiments intralizing activity similar to the sera from mice immunized
non-human primates suggesting broad neutralizing activity with Env-CD4-CCR5 complexes (unfortunately sufficient
of sera raised against gp120(gp140) complexes with sCD4numbers of transgenic mice for these experiments were not
seems to support the hypothesis for immunogenicity of available). Further evaluation of Env-CD4-coreceptor com-
receptor-induced epitopes on the H&Y. plex as vaccine immunogen is required to answer this and
We have hypothesized that not only Env-CD4 complexes other questions.
but also the Env-CD4-coreceptor complexes could expose Recently, we described the development of tethered Envs
conserved epitopes that may elicit broadly neutralizing an- where gp120 and gp41 are joint with flexible linkers of
tibodies. The Env-CD4-coreceptor complexes mediate virus varying length hypothesizing that the linker would allow
entry into cells and serve as a major target for inhibitors. To some degree of conformational changes induced by receptor
begin to evaluate the potential of these complexes as vac-molecules but will impose constraints thus “freezing” entry
cine immunogens, we proposed to produce relatively large intermediated29]. We further hypothesized that these in-
amounts of purified Env-CD4-CCR5 complexes and immu- termediates could expose conserved Env structures that may
nize mice transgenic for human CD4 and CCR5. The use elicit broadly neutralizing antibodies. Experiments are in
of such mice would avoid a possibility frequently discussed progress to evaluate the potential of tethered Env alone and
that anti-human CD4 antibodies are dominant in the broad in complex with receptor molecules as vaccine immunogens.
neutralizing activity of antibodies elicited by Env-CD4
complexes. However, production of Env-CD4-coreceptor
complexes in relatively large amounts and their charac- Acknowledgements
terization as immunogens remains a challenging task. We
proposed several approaches for production of purified We wish to thank Dr. Nancy Miller for interesting discus-
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